Abstract. Although the spatial variability of water content is expected to be significant in heterogeneous, unsaturated media, its effect on solute transport has been neglected in most stochastic analyses. In this work we develop, evaluate, and numerically verify an analytical model describing the statistical moments of water content, soil water flux, soil water velocity, and solute spreading in the unsaturated zone under conditions of variable soil water content. Results are presented for a wide range of soil conditions. It is shown that soil water content variability increases with soil water tension and decreases with soil textural tortuosity parameter m. As expected, the water content variability also increases with those of soil texture and saturated hydraulic conductivity. However, at or above field capacity (near saturation) the water content variability is generally negligible. The water content variability is very large under dry conditions, even if the soil is relatively homogeneous. In the same soil, longitudinal macrodispersivity is generally smaller when including than when neglecting the variability in water content. Variable water content enhances longitudinal macrodispersivity only in soils with large horizontal anisotropy or soils with m Ͻ 2. In this case the enhancement is more significant in drier soils and at the early stages of plume displacement (less than 10 f ). With travel distance the longitudinal macrodispersivity in the presence of variable water content converges to that in the absence of it.
Introduction
Solute transport in the vadose zone has been the subject of numerous field and theoretical studies. Focus has been on the role that the spatial variability of soil properties has on flow and solute transport in the vadose zone. In particular, researchers have addressed the role of spatially variable soil permeability and textural heterogeneity on the distribution of solutes in soils. One-dimensional and multidimensional models of solute transport in heterogeneous soils have been developed, for example, by Dagan and Bresler [1979] , Jury [1982] , Destouni and Cvetkovic [1989] , Destouni [1992] , Russo [1991, 1993] , Indelman et al. [1993] , and Harter and Yeh [1996a, b] . While there have been distinctions regarding the conceptual treatment of spatial variability in soil permeability, an underlying assumption among all existing analytical stochastic solute transport models has been that the influence of spatially variable water content on solute movement is negligible. However, soil water content, , is an important variable in the assessment of solute flux, because it determines the linear pore water velocity, v, for a given soil water flux, q. Under saturated flow conditions, becomes equal to the effective porosity, . A number of field and theoretical studies revealed that variability in effective porosity may be negligible with respect to the spreading of solutes in heterogeneous, saturated aquifers. Under unsaturated conditions, however, the soil water content is a function of soil water tension. Both soil water tension and the functional parameters of the soil water retention curve are known to be spatially variable [e.g., Wierenga et al., 1989] . We would therefore expect a significant variability of as well. The assumption that the variability of is negligible was made primarily for mathematical convenience. There have not been any rigorous studies of the relationship between water content, its variability, and solute transport. A recent attempt to address this problem was by Yang et al. [1996] , who obtained a closed form expression for the macrodispersion of an adsorbing solute in unsaturated soils with variable water content. They found that the soil water variability generally reduces solute spreading. Their analysis, however, neglects the variability in soil water tension and its effect on unsaturated hydraulic conductivity and soil water flux. Most recently, Russo [1998] included the variability of soil water tension but only considered the specific case of tortuosity parameter m ϭ 0. The latter author concluded that the variability in water content enhances both velocity variability and solute spreading, contradictory to Yang et al. [1996] . Whether or not the contradictory results are due to different assumptions made in these studies deserves an investigation. In this paper we are developing a new stochastic solution for flow and transport in the unsaturated zone that includes the effects of spatially variable water content and soil water tension. This new stochastic theory is more general than those of Yang et al. [1996] and Russo [1998] and is thus able to investigate the apparently contradictory findings by those studies. The objective of this paper is to develop and numerically verify the analytical model describing the statistical moments of water content, soil water flux, soil water velocity, and solute Copyright 1999 by the American Geophysical Union.
Paper number 1998WR900027. 0043-1397/99/1998WR900027$09.00 spreading, and to evaluate the impact of variable soil water content on nonreactive solute transport in the vadose zone.
Theory
We consider steady state flow in unsaturated media satisfying the following continuity equation and Darcy's law
where boldface characters denote vectors; q is the specific discharge (flux); ⌽(x) ϭ h(x) ϩ x 1 is the total head; h is the pressure head; K[h(x), ⅐ ⅐ ⅐] is the unsaturated hydraulic conductivity (assumed to be isotropic locally); i ϭ 1, 2, or 3; and x 1 is directed vertically upward. The dependency of unsaturated hydraulic conductivity on the pressure head and soil properties renders the problem nonlinear. To simplify notation in the following, we write the unsaturated hydraulic conductivity as K(x). The seepage velocity v i at x is related to the specific flux q i by
where e ϭ Ϫ r is the effective volumetric water content, is the total volumetric water content, and r is the residual (irreducible) volumetric water content. In most stochastic analyses [e.g., Russo, 1993 Russo, , 1995a Harter and Zhang, 1995; Harter and Yeh, 1996a, b] the variability of e (x) in (3) is neglected by replacing it by its mean.
Flux and Velocity Moments
The unsaturated hydraulic conductivity is assumed to be lognormally distributed. We decompose the log-transformed unsaturated hydraulic conductivity Y(x) ϭ ln K(x) into its mean and perturbation, Y(x) ϭ ͗Y(x)͘ ϩ YЈ(x). Likewise, we have q i (x) ϭ ͗q i (x)͘ ϩ qЈ i (x), and h(x) ϭ ͗h(x)͘ ϩ hЈ(x). Therefore (2) can be rewritten as
where
The Kronecker delta, ␦ i1 , is equal to 1 for vertical flow (i ϭ 1) and 0 otherwise. Taking the ensemble mean of (4) and retaining terms up to first order yields
as the (negative) mean hydraulic gradient in the direction x i . In most stochastic models, gravity-dominated drainage is studied [Yeh et al., 1985a, b; Russo, 1995a, b; Harter and Yeh, 1996a, b; Yang et al., 1996] . In this case the average gradient J i ϭ Ϫ␦ i1 and the gradient of ͗h(x)͘ is zero so that ͗h͘ ϭ H is constant through the domain. This approximation may not be realistic near the surface or near the water table [Zhang and Winter, 1998 ]. However, it is valid for sites with deep vadose zones. Subtracting (5) from (4) and retaining terms up to first order gives
Hence to first order the covariances of specific flux C q ij (x, ) ϭ ͗qЈ i (x)qЈ j ()͘ are given by
where r ϭ x Ϫ , C Y (r) is the covariance of unsaturated conductivity, C Yh (r) is the cross covariance of unsaturated conductivity and pressure head, and C h (r) is the covariance of head. We have utilized the stationarity of these covariances under the simplified condition of gravity-dominated flow in unbounded domains. Under conditions other than gravitydominated flow these stochastic moments generally become nonstationary [Zhang and Winter, 1998 ]. We may rewrite (3) as
To first order we have
As mentioned before, the variability in e is neglected in most stochastic theories such that only the first term on the righthand side of (11) is considered.
Other Covariances
The constitutive relationships of K versus h and e versus h are assumed to be described by the Gardner-Russo [Gardner, 1958; Russo, 1988] model:
e ͑x͒ ϭ ͑ s Ϫ r ͕͒exp ͓0.5␣͑x͒h͑x͔͒
where K s is the random saturated hydraulic conductivity, ␣ is the soil parameter related to the pore size distribution, s is the saturated water content, and m is a parameter related to tortuosity. In this study r , s , and m are assumed to be constant; their variabilities can be added to the present derivations in a similar fashion as shown below. The soil parameter ␣(x) and saturated hydraulic conductivity K s (x) are random variables and are assumed to be lognormally distributed with known first two statistical moments. Therefore it is easier to work on the log-transformed variables a(x) ϭ ln ␣(x) and f(x) ϭ ln K s (x). They are further assumed to be second-order stationary. Taking log transformation on (2) yields
Writing f ϭ ͗f͘ ϩ fЈ, ␣ ϭ exp (a) ϭ exp (͗a͘ ϩ aЈ) and expanding exp (aЈ) ϭ 1 ϩ aЈ ϩ aЈ 2 / 2 ϩ ⅐ ⅐ ⅐ , one has, to first order,
where H ϭ ͗h͘, ⌫ ϭ exp (͗a͘) ϭ a 2 , and a 1 ϭ H⌫.
Rewrite (13) as
where a 3 ϭ a 1 (aЈ ϩ aЈ
To first order one has
Multiplying qЈ i (x) in (6) with Ј e () in (20) and taking ensemble mean yields
Similarly,
The study by Yang et al. [1996] included the variability of water content into the covariance of velocity and found that the water content variability generally reduces the variability in velocity and solute spreading. Unfortunately, this study simplified the problem by replacing the random head h(x) in (12) and (13) by its mean ͗h͘. The more recent study by Russo [1998] included the variability of h but considered only the special case of the tortuosity parameter m ϭ 0. On the basis of this special case Russo [1998] concluded that the variability in water content enhances both velocity variability and solute spreading. However, as will be shown later in this paper the impacts of water content variability on velocity variability and solute spreading are strongly dependent on the value of m. For example, for m Ͼ 2 the variability in water content generally reduces the velocity variability and solute spreading. Furthermore, Russo [1998] believed that the mean head gradient J i can take any constant value under gravity-dominated flow conditions. However, the recent study by Winter [1998, p. 1094] showed that J i must be equal to ␦ i 1 for gravitydominated flow because any other value would violate the gravity-dominated flow (and stationary) conditions. Therefore the resultant expressions given by Russo [1998] may be correct only for the case of J i ϭ ␦ i1 , and the examples using different values for J i [Russo, 1998, Figures 1-4 ] may be problematic.
Head Covariance
Substituting (2) into (1) and utilizing
Summation for repeated indices is implied. By subtracting the mean equation from (26) and retaining first-order terms, the head fluctuation for gravity-dominated flow with ͗Y͘ ϭ const and ͗h͘ ϭ const satisfies the following equation:
Substituting (15) and (16) into (27) yields
The spectral method or the method of Green's function may be used to obtained C h (r), C ah (r), C fh (r), and C Yh (r) based on the input moments ͗f͘, C f (r), ͗a͘, C a (r), and C fa (r), and the stationary mean head H. Below we will proceed with the spectral method.
Spectral Representations
Fourier-Stieljes integrals [Lumley and Panofsky, 1964] may be used to represent the stationary random fluctuations
where k is the wave number vector.
are orthogonal complex processes with the following properties:
Here the asterisk indicates complex conjugate, and S p (k) is the Fourier transform of the covariance function for h, f, or a. In general, the cross covariance between p and q can be expressed as
Without loss of generality, we assume that the correlation scale of f and a are identical. Following standard spectral transformation, (28) can be rewritten as
In the above, ϭ a / f , is the cross correlation between f and a, S a
. By the same token, S q i e , S q ij , and others can all be expressed as functions of S f , , and .
Results and Discussion
Although the derivations are applicable for any space dimensionality, we illustrate the results with some twodimensional examples. The analytical results discussed below are obtained by the numerical inverse Fourier transform based on the spectral density functions given in section 2.4. In the following examples the covariance function of log-saturated hydraulic conductivity is assumed to be exponential with variance f 2 and horizontal and vertical correlation scales f 2 and f 1 , respectively. In discussing results, we selected a hypothetical reference soil for which the log-saturated hydraulic conductivity is anisotropic with ratio ϭ f 2 / f 1 ϭ 6; the cross correlation between f and a, ϭ 0; the mean of the capillary length parameter, ⌫ ϭ 0.01; the relative standard deviation of a ϭ ln ␣; a / f ϭ 0.1; and the tortuosity parameter m ϭ 5. These values are typical for stratified alluvial soils [Wierenga et al., 1989] . The choice of m ϭ 5 in this base case is made to generally match the actual retention curves under lowsaturation ranges, and its value will be varied in other cases. For sensitivity analysis other parameters may also change, where noted.
We will first investigate the variability of soil water content and explore its relationship to soil texture and soil textural heterogeneity, average water content, and degree of soil layering. Next, the impact of variable soil water content on pore velocity is examined, which leads to a discussion of solute transport and the effect of variable soil water content on solute plume spreading. Finally, the first-order analytical model results are compared to fully nonlinear numerical Monte Carlo results.
Variability of Soil Water Content
In accordance with field findings the proposed model assumes that the spatial variability in effective porosity is negligible. Consequently, saturated soil water content does not vary spatially. Groundwater or saturated flow conditions are a special case of variably saturated flow; as a soil desaturates, soil water content variability sets on and continually increases with variability in soil water tension and in ␣ as can be seen from (21). From (21) it is also apparent that soil water content will vary more in soils with small tortuosity parameter, m, in rela-tively dry soil, characterized by large ͉H⌫͉, and in coarse textured soils with large ⌫. The latter dependency stems from the fact that for identical mean soil water tension, coarser soils are generally drier (lower mean soil water content). All of these conditions will cause b 1 or b 2 or both parameters in (21) to be larger. The particular mathematical expression for the spectral density of e (equation (38)) and hence C e is a nonlinear function of a 1 ϭ ͉H⌫͉, a 2 ϭ ⌫; the relative variability of ␣, ; the tortuosity factor, m; the cross correlation, , between ␣ and f; and the covariance of f. Figure 1 demonstrates the dependence of soil water content variability on these parameters for a typical range of soil conditions. Variability of soil water content is here expressed by the coefficient of variation of saturation, CV s (the ratio of the standard deviation of the effective saturation, s , to its mean, ͗s͘). The effective saturation is defined by s ϭ e /( s Ϫ r ).
The influence of textural variability ( f 2 ) on CV s is indirectly shown in Figure 1a for a wet soil near field capacity (s ϭ 95%). Note that Y 2 (independent axis in Figure 1a ) is directly proportional to f 2 for a given set of independent parameters (equations (17) and (34)- (36)). In the reference soil Y 2 ϭ 0.27. CV s increases with larger f 2 approximately 5-fold over the observed range of Y 2 (Figure 1a) . However, even in very heterogeneous soil sediments, water content variability near soil field capacity remains at or below 5%. On the other hand, CV s in dry soils is large, even for the moderately variable reference soil (Figure 1b) . The change of CV s is approximately log-linear in ͉H͉ because of the exponential dependence of e on h in (13).
The degree of soil layering has only limited impact on soil water content variability. The water content variability slightly decreases with increased horizontal anisotropy in relatively dry soils (s Ͻ 40%; all other parameters as in reference soil). The opposite is the case in relatively wet soils (Figure 1c) .
Coarseness of soil texture is primarily expressed by ⌫, which has a practical range of approximately 2 orders of magnitude, from 10 Ϫ3 to 10 Ϫ1 cm Ϫ1 . In coarse soils, which tend to drain quickly, the CV s (͗s͘) curve has much less slope than in finergrained soils (Figure 1d) . As a result, a zone of saturation exists, where CV s is practically independent of ⌫ (here at about 40%). Below that saturation, soil water content is more variable in fine-grained soil, while it is less variable in wetter fine-grained soils.
The parameter expresses the variability of a ϭ ln ␣ relative to the variability of f. Near field capacity, the variability in a significantly influences CV s only if exceeds 10%. Soil water content is much more sensitive to a in dry soils, where small changes in a result in large changes in soil water tension and hence in soil water content. At low saturation, soil water content variability can be increased even by small changes in the relative variabilities of a, 0.01 Ͻ Ͻ 0.1 (Figure 1e) . For large values of and low saturation, CV s may exceed the validity limits of the first-order analytical model, which is strictly applicable only if water content perturbations are small.
The variability of water content is also very sensitive to the value of m, which characterizes soil tortuosity and textural nonuniformity (equation (13)). At smaller values of m, soil water content changes more rapidly per given increment in scaled soil water tension ͉␣h͉. Therefore the variability of soil water content at given soil water tension increases with decreasing m. The increase is nearly logarithmic, because soil water content is a function of the power of 2/(m ϩ 2) ( Figure  1f ). Hence soil water content has significant variability even in wet soils, if, for example, m ϭ 0.
Although Figures 1c-1f show a family of curves as a function of mean saturation, it is not implied here that the underlying Gardner-Russo model (equations (12) and (13)) can be applied over the entire range of saturation with a single set of parameters. Rather, we assume that at any given mean soil water tension of interest, the parameters in the Gardner-Russo model represent an approximation of the local soil water retention and unsaturated hydraulic conductivity functions within the anticipated limited range of ͉H⌫͉ [e.g., Mantoglou, 1992] .
The covariance and spectral density functions of e , (38) not only contain information about CV s , but also about spatial correlation of soil water content. In wet soils the covariance function of soil water content or saturation, C s (Figure 2a) , is very similar to that of soil water tension, C h (Figure 2b) , showing that soil water content is correlated over larger scales than the underlying permeability process. This observation is of importance, since it has been shown by Harter and Yeh [1996b] that measurements of soil water tension can significantly reduce the uncertainty about solute transport in the vadose zone by including those measurements as conditional data into the stochastic analysis of solute transport. The authors demonstrated that the contribution of soil water tension measurements to more accurate predictions of solute transport stem from the strong correlation scale observed for soil water tension in random, variably saturated porous media. Given the similarity in the spatial structure of water content and soil water tension, our results indicate that a similar value can be placed on soil water content measurements as information source for conditional stochastic analysis of solute transport. A number of nonintrusive soil water content measurement techniques, such as neutron probe logging, time domain reflectometry, and geophysical resistivity logging, should therefore provide useful data for improved (conditional) predictions of solute transport.
In dry soils the correlation scale in the horizontal and particularly in the vertical directions decrease drastically, indicating that saturation in dry soils may change over very short distances (Figure 2c ). The character of the covariance function of s becomes significantly different from that of soil water tension, h (Figure 2d ), thus making it more difficult to use soil water content data for conditional estimates of variably satu- rated solute transport in dry soils. Water content data in dry soils may still be useful for conditioning in the horizontal direction. In order for conditioning to be effective in the vertical direction, more measurements are needed.
Impact of Variable e on Pore Velocity
To first order the variability of lateral pore velocity is not affected by variability of e . We only need to consider the moments of the vertical, longitudinal pore velocity, v 1 . The mean of v 1 is defined as the mean vertical flux divided by the mean soil water content. Thus it is larger than the mean vertical flux. The second moment of v 1 is a function of the soil water content covariance, the flux covariance, and the cross covariance between flux and soil water content (see equation (11)). By evaluating the spectral densities of each term in (11), we derive the velocity spectral density given in (39). There we define b 3 ϭ ␤(H⌫) 2 and b 4 ϭ ␤⌫ 2 , where ␤ ϭ [m ϩ 1 ϩ 2/(2 Ϫ H⌫)]/(m ϩ 2). The solution for soil media with homogeneous water content is obtained by setting ␤ ϭ 1 in (39) [Harter and Yeh, 1998 ]. Also, with variable water content approaching saturation (H 3 0), ␤ 3 1. Consistent with the soil water content model, the impact of variable water content near saturation on variability in linear soil water velocity becomes negligible. As the soil desaturates (H 3 Ϫϱ), ␤ 3 (m ϩ 1)/(m ϩ 2). Consequently, as a soil drains, variable water content conditions have increasing impact on the variability of velocity, particularly when m is small. For example, when m ϭ 0 significant deviation of ␤ from 1 occurs for ͉H⌫͉ Ͼ 0.5. Under these conditions, variability of pore velocity would be significantly different from variability of soil water flux. The variability of soil water flux has been discussed in related literature [Yeh et al., 1985a, b; Harter and Yeh, 1998 ].
Here we focus our analysis on the differences between the variability of pore velocity with and without variable water content. Our starting hypothesis is that variability in pore velocity is higher, after accounting for the additional variability in water content (as opposed to assuming homogeneous water content). An asymptotic value for the variance of the pore velocity can be obtained if we neglect the correlation between flux q 1 and effective water content e . From (11) it follows that
where the second term q 1 2 /͗ e ͘ 2 represents the variance of the pore velocity for spatially homogeneous soil water content, e . The relative increase of velocity variability due to the variability in soil water content is therefore on the order of CV e /CV q 1 . If the correlation between downward soil water flux and water content is negative, the variability in pore velocity becomes larger than the above asymptotic value:
ͪ . (42) Otherwise, the pore velocity variability is smaller.
A mathematical evaluation of (11) in form of the ratio of v 1 2 : q 1 2 /͗ e ͘ 2 (relative velocity variance, var* v 1 ) for a typical range of saturation, anisotropy ratio , ⌫, m, and is shown in Figure 3 . Each of the four graphs in Figure 3 shows the relative velocity variance for the reference soil plus a family of curves with one of these parameters varying (see also Figure  1 ). Relative velocity variance approaches unity near saturation. In the reference soil, relative velocity variance has a maximum of slightly more than 1 at 95% saturation. It steadily decreases at lower saturations to about 0.8 in an extremely dry soil. The decrease is slightly more for isotropic soils and soils with vertical anisotropy ( Ͻ 1, Figure 3a ), for soils with smaller ⌫ (Figure 3b) , and for soils with higher m (Figure 3c) . In soils where the variability of a is close to that of f (large ), relative pore velocity quickly drops to its asymptotic limits as saturation decreases to approximately 60% (Figure 3d) . Note that the effect of on var* v 1 is opposite to its effect on CV s . For the soils represented in Figure 3d the relative velocity variance is lowest where CV s is the largest and vice versa.
The decrease in var* v 1 seems counterintuitive at first glance: By accounting for the additional variability in water content one would expect increased variability in linear velocity relative to the variability in flux. However, significant positive cross correlation between downward water flux and soil water content at the same location leads to decreased variability in the water flow pattern. The condition in these soils is comparable to that for transport of reactive contaminants in porous media with variable retardation coefficient. The advective velocity variance of a sorptive solute is smaller than that of the nonsorptive solute, if the cross correlation between hydraulic conductivity and retardation, and hence between water flux and retardation, is positive [e.g., Bellin et al., 1993] . Mathematically, the spatially variable retardation factor takes the same place as the spatially variable moisture content in eqn. (3). However, unlike the independently defined variability of retardation, the spatial variability of unsaturated soil water content is dependent on saturation and other factors.
For a physical explanation note that the analysis is based on Mualem's model, which implies that at a given mean soil water tension H, positive perturbations observed for hydraulic conductivity are also associated with positive perturbations in soil water content. Soil water flux occurs primarily in flow paths connecting areas with positive conductivity perturbations, that is, relatively large unsaturated hydraulic conductivity. The creation of preferred flow channels [Harter and Yeh, 1996a] locally increases moisture content and decreases soil water tensions. Consequently, regions of large water flux are associated with regions of relatively large water content, and the velocity (3) becomes less perturbed than the flux.
There are conditions, however, under which the relative velocity variance can be significantly larger than unity. In particular, strong soil layering ( Ͼ 10) and a small tortuosity parameter (m Ͻ 2) will cause continuously increasing relative velocity variance as the saturation decreases (Figures 3a and  c) . The recent analysis by Russo [1998] was implemented for this specific case, m ϭ 0. It leads to significant increases in relative velocity variance. Coarser soil texture (larger ⌫) will also increase var* v 1 at higher saturations to significantly above unity but not enough to increase relative velocity variance above unity at low saturations (Figure 3b) . Notice that the anisotropy ratio, while of no significance in computing CV s , is a very important variable in determining var* v 1 . The cause of this discrepancy is the sensitivity of the cross covariance between flux and saturation to the anisotropy ratio. In isotropic soils or soils with relatively small degree of horizontal layering, flux, and saturation are strongly correlated as described above thus decreasing var* v 1 . In horizontally layered soils with large anisotropy ratio, lateral head gradients are small. Hence lateral water movement is restricted, forcing water to move in parallel vertical columns. As a result, the variability of q 1 in the vertical direction is limited and disappears in the limit 3 ϱ. With q 1 almost constant, v 1 will be inversely related to s (negative cross correlation) through (3). Thus var* v 1 is larger than unity.
Solute Spreading in Soils With Variable Water Content
In heterogeneous soils, solute spreading may be quantified by the particle displacement variance X ij ϭ ͗XЈ i (t) XЈ j (t)͘, where XЈ i is the zero-mean displacement fluctuation of a particle at time t. It is given, to first order, by [e.g., Dagan, 1984 Dagan, , 1989 ]
The associated macrodispersion is defined by [Dagan, 1984 [Dagan, , 1989 ]
Equation (44) is derived by neglecting the dependency of the velocity covariance on the particle random position, which is replaced by its mean. It is assumed that pore velocity is a stationary random space function. With mean velocity and velocity covariance given by (9) and (11), we can evaluate solute spreading (44) numerically, for example, by applying Simpson's rule. Here the velocity covariance has been evaluated by numerical inverse Fourier transform of (39) on finely discretized grids. The total size of the covariance field computed from inverse Fourier transform corresponds to (400 f ) 2 with a discretization of 0.05 f . As before, the focus of our discussion is the relative impact of variable soil water content on solute transport when compared to the simplified analysis based on constant soil water content. The primary impact of water content variability on solute spreading derives from changes in relative velocity variance as described in the previous section. However, the entire velocity covariance function, C v 1 , must be considered due to the integration over C v 1 in (44). To simplify the discussion, the following ratios are introduced: C* v 1 ϭ C v 1 /C q 1 /͗ e ͘ 2 (relative velocity covariance), D* is ratio of longitudinal macrodispersion, and D 11 is for variable and constant water content (relative macrodispersion). Figure 4 shows C* v 1 and D* for selected example soils (parameters are listed in Table 1 ). The scaled separation distance, zЈ, is defined as zЈ ϭ z/ f 1 . The scaled solute displacement, tЈ, is defined as tЈ ϭ t͗v 1 ͘/ f 1 . For soils with a low relative velocity variance (soil A: low anisotropy, small ⌫, large m, large ) the relative velocity covariance increases with separation distance over the first few correlation scales from its minimum at zero separation distance, then decreases exponentially. In soil A the maximum C* v 1 never exceeds unity. Hence the relative macrodispersion, while increasing with travel distance, is always less than 1 in soil A. Similarly, C* v 1 and D* in the reference soil (soil B) are larger than 1 only for relatively wet conditions and then only at small separation distances ( zЈ Ͻ 12).
In soils with var* v 1 significantly above unity (very small m, large anisotropy ratio , or a combination of both), C* v 1 rapidly decreases with separation distance to values smaller than unity. The steepest decrease of C* v 1 occurs in the driest soils. Hence while the largest var* v 1 is in dry soils, wet soils have larger C* v 1 at large separation distances ( zЈ Ͼ 10). Relative macrodis- Table 1 for corresponding soil properties.) persion is significantly larger than 1 only at early travel distance and highest in soils with low saturation. In the long-term travel limit, asymptotic macrodispersion is insensitive to variability in water content. This has also been shown by Russo [1998] for the particular case of soils with m ϭ 0.
For practical purposes the proposed model indicates that at or near field capacity, the variability of soil water content can indeed be neglected when evaluating the spreading of solutes in unsaturated soils. In agreement with the result of Yang et al. [1996] , we find that solute spreading in soils with variable water content is generally smaller than when assuming constant water content. Our result is also consistent with the special case of strong soil layering and m ϭ 0, studied recently by Russo [1998] . In the latter case, preasymptotic macrodispersion can be significantly larger in soils with variable water content than in those assuming constant water content.
Comparison of First-Order Approximation to Nonlinear Numerical Solution
Monte Carlo simulation was performed for two-dimensional cross sections of a deep unsaturated vadose zone using the approach proposed by Harter and Yeh [1993] . The numerical model is based on a finite element approximation of the continuity equation for unsaturated flow (1) and Darcy's law (2) . With each realization of an unsaturated flow velocity field, we simulate transport of a conservative tracer, released from a small source (0.3 f 2 ϫ 0.4 f 1 ) near the soil surface, until the plume has traveled approximately 40 correlation scales. Transport simulations are based on a modified method of characteristics for solving the local advectiondispersion equation [Harter and Yeh, 1996a] . The simulated cross sections are 24 m wide by 12.8 m deep and discretized into 80 elements horizontally and 128 elements vertically. The correlation scales for f and a are assumed to be 3 m horizontally and 0.5 m vertically. Stochastic moments of the individual random space functions (h, q, v, Y) and the solute plume spreading (X 11 ) are obtained from 300 realizations per Monte Carlo simulation. Owing to the stationarity of the random space functions, stochastic moments of the flow quantities are obtained for the ensemble of all values within the simulation domain for all realizations. The resulting sample moments are associated with negligible Monte Carlo sampling errors [Harter and Yeh, 1998 ].
For verification of the analytical model, four scenarios are simulated: Four wet soils, with variance of f varying from 0.01 to over 2, and one dry soil with small variance in f (0.1) but mean soil water tension of Ϫ3000 cm. In all cases, mean effective soil water content computed from the Monte Carlo simulation differs less than 1% from the first-order approximation (19), which appears to be a very robust approximation. Differences between nonlinear numerical and first-order stochastic results are more pronounced for the variance. Figure 5 shows the ratio of analytically obtained variance to numerically obtained variance of various random space functions (RSFs). Variances of mean soil water tension and flux differ from the first-order analytical model as discussed by Harter and Yeh [1998] . The accuracy for the variance of v 1 behaves very similar to that of q 1 , indicating that most of the difference between analytical and numerical variance of v 1 originates from errors in approximating q 1 2 and not from errors in estimating s 2 . In wet soils, variability of s is overestimated by the analytical solution with significant differences in the soils with f 2 Ն 1. In the dry soil example, the first-order estimate of s 2 is approximately 10% less than in the Monte Carlo simulation. Overall, the first-order models for soil water content and pore velocity give relatively robust results.
Finally, we demonstrate the model performance in estimating the relative change in solute spreading due to variable water content. Harter and Zhang [1995] and Harter and Yeh [1996a] discussed inherent shortcomings of the first-order Lagrangian approach for predicting solute spreading in soils and the influence of numerical dispersion, not accounted for in the Lagrangian model presented here, on the Monte Carlo results. Detailed comparisons between the first-order Lagrangian approach and Monte Carlo simulation for the case of constant water content can be found in the above studies. Our interest here focuses on how well the analytical model performs in capturing the effect of variable soil water content (relative to models with constant soil water content). For wet soils the relative changes of longitudinal solute displacement variance X 11 due to variable water content are less than 5% with a very good agreement between first-order Lagrangian approach and Monte Carlo simulation (Figure 6 ). For dry soil (H ϭ Ϫ3000 cm) both approaches predict that variable water content renders smaller longitudinal solute spreading by up to Ϫ20% in the Monte Carlo analysis and by up to Ϫ35% in the analytical model. On the other hand, while the first-order Lagrangian approach assumes that lateral moments of plume spreading †Soil has properties that cause relative velocity variance to be higher than in the reference soil.
are not affected by variability in soil water content, Monte Carlo simulations show that solute spreading in the lateral direction is somewhat affected by variable water content (up to 10%).
Conclusions
This paper leads to the following major conclusions: 1. While soil water content variability is insignificant in very wet heterogeneous soils owing to the assumption of constant porosity, it can be significant in dry soils even if textural heterogeneity is small.
2. In wet soils the spatial correlation structure of soil water content is similar to that of soil water tension, which exhibits relatively large spatial correlations in both the vertical and horizontal directions. The strong spatial correlation can be exploited for a stochastic solution of the inverse problem using conditional simulation as demonstrated by Harter and Yeh [1996b] . On the basis of the similarity of the correlation structure it appears that soil water content measurements, either by direct or by indirect methods, may be as useful as soil water tension measurements in estimating solute flux through the vadose zone. However, as soils dry out, the character of the spatial correlation in soil water content changes significantly, and more indirect measurements of soil water content (e.g., neutron probes, TDR, or geophysical methods) are needed for estimating conditional stochastic solute transport in dry soils compared to direct soil water tension measurements.
3. Longitudinal macrodispersivity in dry soils with variable water content is either smaller or larger than in those with uniform water content, depending on soil properties. In soils without strong layering and with the soil tortuosity parameter m Ͼ 2, strong positive correlation between perturbations of soil water flux, q, and water content e , renders the velocity covariance and hence macrodispersion smaller under variable water content conditions, particularly when saturation is low. Variable water content will increase macrodispersion only under conditions of strong soil stratification or in soils with m Ͻ 2. Previously proposed models for solute spreading in the vadose zone, based on the assumption of constant water content or based on m ϭ 0, overestimate solute spreading. As a consequence, peak concentrations, inversely related to plume spreading, are underestimated when variable water content is not taken into account.
4. The proposed analytical model of random space functions e and v compares reasonably well to numerical results for soils with the log-unsaturated hydraulic conductivity variance Y 2 Ͻ 2 and scaled head ͉H⌫͉ Ͻ 30. While there are differences between predicted solute spreading based on the analytical and numerical models, the numerical model qualitatively confirms the impact of variable water content on solute spreading.
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